In an effort to further study the role of miRNAs during retinal development and resolve this apparent conflict, we conditionally knocked out Dicer using a different (␣Pax6cre) line of transgenic mice. In contrast to the previous study, we demonstrate an essential role for miRNAs during mouse retinal development. In the absence of Dicer in the embryonic retina, production of early generated cell types (ganglion and horizontal cells) is increased, and markers of late progenitors are not expressed. This phenotype persists into postnatal retina, in which we find the Dicer-deficient progenitors fail to generate late-born cell types such as rods and Müller glia but continue to generate ganglion cells. We further characterize the dynamic expression of miRNAs during retinal progenitor differentiation and provide a comprehensive profile of miRNAs expressed during retinal development. We conclude that Dicer is necessary for the developmental change in competence of the retinal progenitor cells.
Introduction
A fundamental question in developmental neurobiology is how multipotent progenitors differentiate to form the myriad of cell types in the mature nervous system. With its simple structure and limited number of cell types, the retina is an ideal model for studying the regulation of neurogenesis. Like many neural progenitors, retinal progenitors demonstrate intrinsic changes in competence, generating different neurons at different developmental stages. Early cell types include ganglion and horizontal cells, and cone photoreceptors, followed by amacrine cells, rod photoreceptors, bipolar cells, and finally Mü ller glia. Although many transcription factors and signaling pathways underlying neuronal differentiation have been identified in the retina (Ohsawa and Kageyama, 2008) , the molecular mechanisms that control retinal progenitor competence are not completely understood.
Recently, microRNAs (miRNAs), 19 -25 nucleotide small RNAs have emerged as important regulators of developmental processes. miRNAs mediate their effects by guiding the RNAinduced silencing complex to the 3Ј untranslated region (UTR) of target mRNAs, leading to target cleavage or translational repression (He and Hannon, 2004) . Because miRNAs may target the 3Ј UTR of many genes, they may play a role in global changes in gene expression or in fine-tuning developmental programs (Lim et al., 2005) . miRNAs are thus good candidates for regulators of progenitor cell competence and neuronal cell fate determination, and recent studies support such a role (Johnston et al., 2005; Li and Carthew, 2005; Li et al., 2006; Makeyev et al., 2007) .
Mammalian miRNA processing requires the RNase III enzyme Dicer. Thus, through conditional knock-out (CKO) of Dicer, mice can be generated that have lost all mature miRNAs in a specific set of cells. Damiani et al. (2008) used this strategy to remove miRNAs from Chx10cre-expressing mouse retinal progenitors cells (RPCs). They found that loss of Dicer caused no obvious developmental abnormalities, although retinal neurons began to undergo apoptosis beginning the second postnatal week. This lack of a developmental phenotype is in contrast to a subsequent study in which Dicer was reduced in developing Xenopus retina using morpholinos, leading to developmental changes in cell cycle, lamination, and timing of differentiation (Decembrini et al., 2008) . This latter study is more consistent with results in other neural tissues, such as developing neocortex, in which Dicer CKO leads to defective layering, impairment of differentiation, and a smaller cortex (De Pietri Tonelli et al., 2008) .
To better study the role of microRNAs during retinal development and better understand these species differences, we conditionally knocked out Dicer using ␣Pax6cre transgenic mice. Unlike the mosaic Chx10cre line used by Damiani et al. (2008) , Dicer is removed in large, continuous domains in ␣Pax6cre trans-genic mice. In addition, by crossing these mice onto the R26EYFP reporter line, we were able to identify Dicer-deficient cells. In contrast to the previous study in mice, our data demonstrate a requirement for Dicer during retinal development, with distinct changes in gene expression along with developmental deficits in differentiation and lamination. Our data support a model in which microRNAs regulate both retinal progenitor cell competence as well as differentiation and maturation of retinal neurons.
Materials and Methods
Generation of ␣Pax6cre; R26EYFP; Dicer fl/fl animals. ␣Pax6cre mice were obtained from Ruth Ashery-Padan (Tel-Aviv University, Tel-Aviv, Israel) and have been described previously (Marquardt et al., 2001 ). Genotyping was done for cre using the following primers: forward, TGCCAGGATCAGGGTTAAAG; reverse, TCCTTAGCGCCGTAAAT-CAA. Dicer fl/fl mice were purchased from The Jackson Laboratory and genotyped as described previously (Harfe et al., 2005) . R26EYFP mice have been described previously (Srinivas et al., 2001 ) and were obtained from Rachel Wong (University of Washington, Seattle, WA). Yellow fluorescent protein (YFP) genotyping was performed using the following primers: forward, GACTTCTTCAAGTCCGCCATGCC; reverse, GTGATCCCGGCGGCGGTCACG. Dicer fl/fl mice were crossed to ␣Pax6cre mice to generate ␣Pax6cre; Dicer fl/ϩ mice. These were backcrossed to ␣Pax6cre mice to generate Dicer fl/ϩ mice carrying two copies of the ␣Pax6cre allele. BrdU birthdating. For bromodeoxyuridine (BrdU) (Sigma) birthdating, two subsequent injections of BrdU (100 mg/kg each) were administered subcutaneously to postnatal day 2 (P2) mice.
Histological analysis. We used both frozen and paraffin sections for histological analysis. For frozen sections, whole embryo heads were collected at embryonic day 16 (E16), and eyes were collected at P0/P1, P4, P5, and P32 and placed in 2% or 4% paraformaldehyde (Electron Microscopy Systems) in PBS (EMD Biosciences) for 60 -120 min at room temperature (RT). The samples were rinsed in PBS, followed by 10% sucrose (Mallinckrodt) in PBS for 1 h, 20% sucrose for 2 h, and 30% sucrose overnight at 4°C. Samples were then embedded in OCT (Sakura Finetek) and quickly frozen using dry ice and 85% ethanol. Samples were sectioned to 12 m using a Leica CM 1850 cryostat and collected on Superfrost/Plus Microscope Slides (Thermo Fisher Scientific), followed by storage at Ϫ20°C. For Ascl1 staining, P0 retinas were cultured as described below for 48 h with DMSO and fixed for 20 min at RT, followed by a sucrose series and embedding for frozen sectioning as described above.
Other retinas were analyzed from paraffin sections. For this analysis, eyes were collected at P1 and P5 and placed in modified Carnoy's fix (60% ethanol, 11% formaldehyde, and 10% glacial acetic acid) overnight at 4°C. Samples were rinsed for 1 h each in 70, 80, 90, and 100% ethanol at RT, followed by an overnight wash in 100% ethanol at 4°C. Samples were then washed in xylene twice for 15 min each at RT, followed by three washes in melted Paraplast X-Tra paraffin (Thermo Fisher Scientific). Samples were sectioned to 8 m using a Leitz 1516 rotary microtome onto StarFrost Platinum Microscope Slides (Mercedes Medical), followed by storage at RT. Retinal diameter was calculated by counting the number of retinal sections made. Before immunohistochemistry, paraffin sections were baked for 2 h at 68°C and deparaffinized as follows: two 10 min xylene washes followed by two 10 min 100% ethanol washes.
Immunohistochemistry. Nonspecific labeling was prevented by pretreatment of the sections for 1 h in a solution containing the supernatant of a solution containing 5% dry milk, 0.5% Triton X-100 (Sigma), sodium azide, and PBS centrifuged for 15 min at 12,000 rpm. For BrdU antigen retrieval, cells were incubated in this same solution with 200 U/ml bovine pancreatic deoxyribonuclease I (Sigma) for 75 min. Slides were incubated with primary antibodies diluted in this same solution overnight at 4°C, followed by two 5 min PBS rinses. Slides were subsequently incubated with secondary antibodies in the same solution for 1-2 h at RT, followed by a 5 min PBS rinse. Counterstaining with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Sigma) was performed by incubating slides with a 10,000ϫ dilution in water for 30 s, followed by two 5 min PBS rinses. Slides were mounted for microscopy in Fluormount-G (Southern Biotechnology Associates). Primary and secondary antibodies used, as well as dilutions, are listed in supplemental Methods (available at www.jneurosci.org as supplemental material).
Microscopy and statistics. Slides were visualized by confocal microscopy using either a Carl Zeiss LSM 510 confocal microscope or a Nikon A1 confocal microscope. Images were acquired as 1024 ϫ 1024 Tiff files and analyzed using Nikon NIS-Elements and Photoshop CS4 (Adobe Systems).
At E16, cells were counted within the neuroblastic layer of peripheral blocks of YFP-positive (YFP ϩ ) retina and normalized per millimeter YFP ϩ retina by measuring along the outer edge of the retina. At least two sections per animal were averaged. At P1, cells were counted in YFP ϩ retina and normalized to area (square micrometers) of the corresponding YFP ϩ neuroblastic layer of retina to account for the lack of the ganglion cell and inner plexiform layers in Dicer CKO retinas. Ectopic Brn3 ϩ cells were defined as those above the inner plexiform layer in control or at least one-third of the retinal thickness from the vitreal surface in Dicer CKO. At least two sections per animal were averaged for all counts at P1. For proportional counts, GFP ϩ cells were counted in central retina and expressed as a ratio of total Pax6 ϩ cells in the inner nuclear layer. Statistical analysis on cell counts was performed using an unpaired two-tailed t test with Prism 4 (GraphPad Software). Data are presented as mean Ϯ SEM, control versus CKO.
Fluorescence-activated cell sorting of retinal cells. E16 retinas were dissected in HBSS (Sigma), rinsed in calcium-and magnesium-free HBSS, and dissociated by trituration after incubation in 0.25% trypsin-EDTA (Invitrogen). Cells were collected by centrifugation at 1500 rpm and resuspended in HBSS. Cells were sorted for YFP by flow cytometry using a BD Influx flow cytometer (BD Biosciences) with 60 mW of 488 nm argon excitation and a bandpass filter of 525/30 nm. Cells were collected by centrifugation and placed in Trizol (Invitrogen) or Qiazol and processed using the miRNeasy Mini kit according to the instructions of the manufacturer (Qiagen).
Retinal culture and RNA extraction. E14.5 C57BL/6 embryonic eyes were enucleated, and the retinas were dissected, cultured, and treated with the ␥-secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester) (Sigma) for 48 h as described previously (Nelson et al., 2007) . Retinas were pooled in Qiazol and processed using the miRNeasy Mini kit according to the instructions of the manufacturer.
MicroRNA microarray. Whole RNA samples were labeled using the miRCURY LNA microRNA array labeling kit and hybridized onto miRCURY v.11.0 LNA microRNA Arrays (Exiqon) according to the instructions of the manufacturer by the Genomics Resource DNA Array Laboratory at the Fred Hutchinson Cancer Research Center (Seattle, WA). This array contains probes for 613 mouse miRNAs, 851 human miRNAs, and 349 rat miRNAs, which represent a coverage of miRBase v.13.0 of 96.2, 89, and 100%, respectively. It also contains probes for 428 "miRPlus" human miRNAs, proprietary miRNAs not included in the miRBase miRNA database. Because of the proprietary nature of these miRNAs, they have only been included in our primary array data contained in supplemental Table 1 (available at www.jneurosci.org as supplemental material) and excluded from additional analysis.
For mean signal intensity, array data were normalized by local background subtraction, and signal of the four probe spots was averaged. For intersignal comparison, array data was normalized by background sub-traction, loess intraslide normalization, and scale interslide normalization using GEPAS (for Gene Expression Pattern Analysis Suite; http:// gepas.bioinfo.cipf.es; Department of Bioinformatics and Genomics, Principe Felipe Centro De Investigacion, Valencia, Spain). An arbitrary cutoff value for mean fluorescence intensity of 2000 was used to determine real signal.
Quantitative reverse transcription-PCR. mRNA quantitative PCR (qPCR) was performed as described previously (Nelson et al., 2007) . For miRNA reverse transcription (RT), whole RNA was reverse transcribed in multiplex using custom designed stem-loop reverse transcription primers as described previously (Chen et al., 2005) using SuperScript II RT and associated buffers (Invitrogen). For mRNA RT, RNA was reverse transcribed using oligo-dT primers (Invitrogen) and SuperScript II RT following the protocols of the manufacturer. qPCR was performed using SYBR Green PCR Mastermix (Applied Biosystems) according to the protocols of the manufacturer on an Opticon DNA Engine (Bio-Rad). Each sample was run in triplicate, and n ϭ 3 for number of samples. Statistical analysis on ⌬Ct values was performed using an unpaired two-tailed t test with Prism 4. Data are presented as mean Ϯ SEM. Product specificity was confirmed by agarose gel electrophoresis, and all positive signals were at least five cycles higher than RT Ϫ controls.
Results

Dicer CKO retinas show developmental changes at E16
Previous studies reported that ␣Pax6cre mediates recombination at two distinct time points during retinal development: (1) beginning at approximately E10.5, cre recombinase is active in retinal progenitors in a peripheral domain of variable extent, and (2) beginning at approximately E14.5 and extending into adulthood, cre recombinase is also active in a subset of amacrine cells (Marquardt et al., 2001; Yaron et al., 2006; Lefebvre et al., 2008) . The ␣Pax6cre transgene also drives expression of an IRES-GFP when active (␣Pax6:GFP), allowing for visualization of areas of active cre recombinase. Although we can use the GFP expressed from the IRES in the transgene to visualize the active cre recombinase in the progenitors, this does not reveal the extent of previous recombination. Therefore, we crossed ␣Pax6cre; Dicer fl/fl (CKO) mice to the R26EYFP reporter line, which allowed us to visualize the region of the retina derived from Dicer-deficient progenitors. We compared ␣Pax6cre; R26EYFP; Dicer fl/fl (CKO) and ␣Pax6cre; R26EYFP; Dicer fl/ϩ (Het) retinas for YFP at E16. YFP staining showed large continuous domains of peripheral recombination, frequently extending from the periphery to cover one-third to one-half or more of the total retinal area at this stage. Thus, a large domain of retinal cells are derived from progenitors that had undergone cre-mediated recombination. In addition, there were often smaller, separate areas of YFP expression in more central retinal regions (Fig. 1 A, B) . Patterns and degree of expression varied from animal to animal, with some animals showing larger domains of YFP expression in nasal or temporal retina, although this was not correlated with their Dicer genotype. The extent of YFP expression was similar in both the Dicer CKO and heterozygous animals at this age.
To determine whether the loss of Dicer in the RPCs had any effects on the early stages of retinal development, we analyzed retinal sections using immunofluorescence with antibodies to several different markers for progenitors and developing retinal neurons. Most markers of retinal progenitors were not different in the Dicer-deficient regions of retina when compared with the retinas from Dicer heterozygous (Het) littermate controls. Staining with antibodies that recognize Sox2 ( Fig. 1 A, B) and Pax6 (Fig. 1C,D) , two genes expressed in RPCs, revealed normal numbers and lamination of these cells in Dicer-deficient regions ( ϩ cells/mm YFP ϩ retina; n ϭ 3 vs n ϭ 3; p ϭ 0.173). The RPCs also showed near normal numbers of M-phase cells because staining and quantification of phosphohistone H3 (PH3) revealed only a small decrease in Dicer-deficient retina (Figs. 1 E, F, 2) (33.6 Ϯ 0.9 vs 26.5 Ϯ 2.4 cells/mm YFP ϩ retina; n ϭ 4 vs n ϭ 3; p ϭ 0.025). Staining with the proliferation marker Ki67 revealed a small, but not significant, decline (supplemental Fig. 1C ,D, available at www.jneurosci. org as supplemental material) (674.8 Ϯ 40.6 vs 560.3 Ϯ 33.9 cells/mm YFP ϩ retina; n ϭ 3 vs n ϭ 3; p ϭ 0.096). In addition to characterizing the RPCs in the Dicer CKO retinas, we also used immunofluorescence to analyze the development of the various classes of differentiated neurons. The first cell types generated in the retina are ganglion cells, horizontal cells, and cone photoreceptors, and antibodies against Brn3, Prox1, and Otx2 were used to characterize their development in Dicer CKO and littermate control retinas. Strikingly, staining for Brn3 showed a substantial increase in the number of differentiating ganglion cells in Dicer-deficient regions when compared with similar regions of retina from Dicer heterozygous animals (Figs. 1G,H, 2) (70.1 Ϯ 11.1 vs 129 Ϯ 25.6 cells/mm YFP ϩ retina; n ϭ 4 vs n ϭ 3; p ϭ 0.067). Likewise, Dicer-deficient areas showed a significant increase in calretinin ϩ cells (Figs. 1G,H, 2) (16.6 Ϯ 2.8 vs 72.3 Ϯ 6.4 cells/mm YFP ϩ retina; n ϭ 4 vs n ϭ 3; p ϭ 0.0003), although these did not colocalize with Brn3. Subsequent analysis demonstrated that Prox1 ϩ cells were also increased in Dicerdeficient areas ( Fig. 1 E, F ) and that these cells colabeled with calretinin (supplemental Fig. 1 A, B , available at www.jneurosci. org as supplemental material). The position of these Prox1/calretinin cells in the upper half of the neuroblastic layer suggested that they were differentiating horizontal cells. A boundary effect was often observed within individual Dicer CKO retinas, in which increased horizontal and ganglion cell staining appeared only in recombined (YFP ϩ ) areas ( Fig. 1 H, arrowheads), with normal expression in non-recombined areas. No boundary effects were ever observed in Het control retinas, however, suggesting that loss of a single copy of Dicer is insufficient to produce a developmental phenotype.
We also labeled sections for Otx2 to identify photoreceptors. Staining and quantification revealed normal numbers and lamination of developing photoreceptors (Figs. 1C,D, 2) (195 Ϯ 9.1 vs 199 Ϯ 9.8 cells/mm YFP ϩ retina; n ϭ 4 vs n ϭ 3; p ϭ 0.796). However, at this age, we cannot determine whether these are cone or rod photoreceptors, because the specific opsins for these cell types are not yet expressed.
To determine whether the changes we observed in ganglion and horizontal cell numbers were attributable to a decline in their death at this stage, we used labeled sections with antibodies against activated caspase 3 (AC3). We detected an increase in apoptosis in Dicer-deficient retinas ( Fig. 2 ) (supplemental Fig.  1 E, F, available at www.jneurosci.org as supplemental material) (1.37 Ϯ 0.45 vs 21.4 Ϯ 2.96 cells/mm YFP ϩ retina; n ϭ 3 vs n ϭ 3; p ϭ 0.0026), and colabeling with cell-specific markers indicated that apoptotic cells included retinal progenitor cells, ganglion cells, and photoreceptors (data not shown). These data suggest that Dicer is required for the survival of retinal neurons as well as progenitor cells. Thus, the small reduction in PH3-labeled cells we observed (above) might be attributable in part to cell death in the progenitors. However, the observed increase in ganglion cells in the Dicer-deficient regions cannot be explained by a reduction in ganglion cell death because we observe an increase in apoptosis.
The results from the above analysis indicate that Dicerdeficient retinal progenitor cells are present in numbers close to those in normal mice at E16. However, the increase in ganglion and horizontal cells at this age led us to further characterize the developmental state of the RPCs. Both Pax6 and Sox2 are expressed in RPCs throughout their development. However, Sox9 is normally not expressed in RPCs until E14.5, marking a later stage of their development (Poché et al., 2008) . Therefore, we also labeled sections of Dicer CKO retinas for Sox9 expression. We found that Sox9 expression was reduced in the periphery of Dicer CKO retinas in the Dicer-deficient domain ( Fig. 1 I, J , arrowheads), whereas Sox2 expression remained normal, consistent with the hypothesis that Dicer-deficient RPCs remain in an early progenitor state. Together, our data indicate that, in the absence of microRNA processing, early retinal development is perturbed, with an overproduction of the earliest-born neurons and a decrease in expression of Sox9, a marker of late stage RPCs.
Neonatal Dicer CKO retinas show defects in progenitors
We next analyzed retinas from early postnatal pups to determine whether similar changes to those seen at E16 are observed later in development. At P1, Dicer CKO retinas were smaller in diameter than control retinas (1917 Ϯ 28 vs 1616 Ϯ 57 m; n ϭ 3 vs n ϭ 3; p ϭ 0.0089), and the peripheral retina often lacked both a distinct ganglion cell layer and inner plexiform layer and was markedly thinner than control retinas (Fig. 3 A, B) . Despite the reduced thickness of the retina at P1, we found that the progenitor cells were still present at P1 in the Dicer-deficient regions by labeling sections with progenitor and cell cycle markers. Sox2 staining revealed that retinal progenitor cells were still present in the Dicer-deficient areas, although Sox2 protein levels were higher in Dicer-deficient RPCs than in the adjacent Dicer-containing cells, often showing a sharp boundary that correlated with YFP expression (Fig. 3C,D, arrowheads) . In addition, Pax6 levels appeared normal in the progenitors (Fig. 3 E, F, arrowhead) . However, PH3 staining was reduced in Dicer-deficient areas (Figs. 3G,H, arrowhead, 4 I) (4.32 Ϯ 0.31 vs 2.45 Ϯ 0.32 cells/10 4 m 2 ; n ϭ 4 vs n ϭ 4; p ϭ 0.0055), indicating a decrease in cells entering M-phase, and proliferating cell nuclear antigen (PCNA), a marker of cycling cells, was expressed at a reduced level (Fig. 3G ,H, arrowheads). These data indicate that progenitors persist to P1 without Dicer, although cell cycle markers are reduced.
As noted above, the data from the analysis at E16 suggested that RPCs had not progressed from their early developmental state: there was a decline in the late progenitor marker Sox9 and an increase in the numbers of early born cell types, ganglion cells, and horizontal cells. We found a similar phenotype at P1 in the Dicer-deficient regions of retina. Sox9 staining was absent or reduced from Dicer-deficient retinal progenitor cells at P1 (Fig.  3 I, J, arrowhead) . In addition, we stained with Ascl1, which, like Sox9, is expressed only in later staged RPCs (Jasoni and Reh, 1996) . We found that Ascl1 expression was missing from Dicerdeficient progenitors, showing a sharp boundary effect similar to that often observed for Sox9 (Fig. 3 K, L, arrowhead) .
Together, our data indicate that, in the absence of microRNA processing, the progenitor cells in the P1 retina show changes in cell cycle and progenitor markers. Whereas retinal progenitor cells are still present and mitotically active (albeit reduced), RPCs show reduced or absent expression of late-stage progenitor markers. These data suggest that miRNAs have a role in regulating progenitor phenotype and possibly developmental timing.
Neonatal Dicer CKO retinas have ectopic ganglion cells but lack most other mature neurons At E16, the loss of Dicer led to an increase in the number of ganglion cells and horizontal cells and a loss in the expression of late stage progenitor markers. The analysis of RPCs at P1 suggests that this phenotype might persist into postnatal development. To test for this possibility, we labeled ␣Pax6cre; Dicer fl/fl (CKO) retinas for Brn3. This labeling showed that ganglion cells were still present, located both in their normal position along the vitreal surface and ectopically throughout the neuroblastic layer (Fig.  4 A, B, arrowhead) . Quantification revealed that there were significantly more ectopic ganglion cells in Dicer-deficient regions of retina than in control retina (Fig. 4 I) (8.1 Ϯ 0.39 vs 11.2 Ϯ 0.85; n ϭ 3 vs n ϭ 4; p ϭ 0.031). To further characterize this ganglion cell phenotype, we stained for HuC/D, a marker of mature ganglion and amacrine cells, which revealed the presence of mature ganglion cells along the vitreal surface of the retina (supplemental Fig. 2 A, B , arrowheads, available at www.jneurosci.org as supplemental material). Furthermore, YFP ϩ axons were present in the optic nerve of both control and Dicer CKO retinas (data not shown), suggesting that ganglion cell maturation is normal in Dicer-deficient areas.
At E16, we found that horizontal cells also increased in number; however, at P1, Prox1 ϩ cells were absent from Dicerdeficient areas (Fig. 4C,D, arrowhead) , as was calbindin, another marker of horizontal and amacrine cells (Fig. 4 E, F, arrowhead) . These data suggest that, although horizontal cells may be generated in excess in Dicer-deficient areas earlier in development, they do not survive to birth. Indeed, staining with the apoptotic marker AC3 at P1 revealed substantial apoptosis in Dicer CKO retinas (supplemental Fig. 2C ,D, available at www.jneurosci.org as supplemental material).
Although these data are consistent with the possibility that the loss of Dicer leads to a persistence of the early progenitor state in the RPCs, we further tested this possibility by labeling sections for markers of later born neurons. Previous studies have shown that retinal progenitors express Pax6 at low to moderate levels, whereas amacrine cells show a much higher level of labeling. In the Dicer-deficient areas, Pax6-expressing amacrine cells were severely reduced or absent (Figs. 3 E, F, 4I ) (13.2 Ϯ 1.4 vs 0.84 Ϯ 0.38 cells/10 4 m 2 ; n ϭ 4 vs n ϭ 4; p ϭ 0.0001). As noted above, at P1, the ␣Pax6cre transgene can be used to directly visualize a subset of amacrine cells through their GFP expression (Fig. 4 A-F , ␣Pax6:GFP). Staining Dicer CKO retinas for GFP in animals lacking the R26EYFP reporter shows an abrupt absence of GFP ϩ amacrine cells in peripheral retina (Fig. 4 B, arrow) .
Most rod photoreceptors are generated in the postnatal retina, and so we also analyzed their development at this age. Although ; n ϭ 4 vs n ϭ 4; p ϭ 0.018), indicating a reduction in photoreceptors in the postnatal retina. The Otx2 ϩ cells we did find were less intensely labeled than in control regions of retina. In addition, another marker of photoreceptors, recoverin, was absent in the Dicer-deficient areas (Fig. 4G,H ) , suggesting that the later stages of photoreceptor differentiation require miRNAs.
Together, our analysis at P1 shows that the Dicer-deficient RPCs fail to express markers of the late progenitor state (Sox9 and Ascl1) and that the differentiation of those cells types normally generated at this stage (amacrine cells and rod photoreceptors) is reduced. Nevertheless, the progenitors persist and express Sox2 and Pax6, as well as cell cycle markers PH3 and PCNA (albeit at reduced numbers and levels), and the differentiation of at least one early-born cell type, ganglion cells, is maintained.
Postnatal day 5 Dicer CKO retinas show a similar phenotype as that found at P1 To determine whether the changes observed at P1 were persistent or attributable to a delay in developmental timing, we stained Dicer CKO retinas for similar markers at P5. A nearly identical phenotype was observed, with Dicer-deficient areas lacking horizontal cells and amacrine cells (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Dicer-deficient retinal progenitor cells showed severely reduced Sox9 staining (Fig. 5 A, B , arrowheads) but still expressed Sox2 and Pax6, both of which were increased in intensity compared with non-deficient areas (Fig. 5C,D , arrowheads) (supplemental Fig. 3 A, B , available at www.jneurosci.org as supplemental material). Otx2 ϩ photoreceptors were present, but reduced, in Dicer-deficient areas, whereas recoverin, a marker of ma- ture photoreceptors, and rhodopsin, a specific marker of rod photoreceptors, were both absent (Fig. 5C-F , arrowheads) (supplemental Fig. 3 I, J , available at www.jneurosci.org as supplemental material). Surprisingly, ectopic Brn3 ϩ ganglion cells were still present in Dicer-deficient areas, well beyond the normal window of ganglion cell genesis, suggesting continued ganglion cell production at P5 (supplemental Fig. 3C ,D, arrowheads, available at www.jneurosci.org as supplemental material). Staining for cellular retinaldehyde-binding protein (Cralbp) and the glutamate transporter Glast revealed an absence of Müller glia in Dicer-deficient areas (Fig. 5G,H, arrowheads) , suggesting that their differentiation is also impaired in the absence of microRNA processing or possibly attributable to the lack of Sox9 expression in the progenitors.
These data suggest that, in the absence of miRNA processing, development of retinal cell types generated late in retinal histogenesis is permanently reduced and not simply delayed relative to normal development. To further test this hypothesis, we also analyzed the Dicer-deficient regions for the presence of bipolar cells, another cell type generated late in histogenesis. Using antibodies against PKC, Vsx1, and Chx10, we attempted to stain for bipolar cells at P5. Although nascent bipolar cells were present in central retina, these three markers are not expressed in the peripheral retina at this age, preventing us from making conclusions on their expression in the peripheral Dicer-deficient areas. Attempts to stain for these markers at P8, an age at which their domain of expression has extended into the periphery of the retina, were unsuccessful because nearly all Dicer-deficient cells have died by this age (data not shown). Nevertheless, overall, our analysis shows that late cell types are not generated in Dicerdeficient regions of the retina, and loss of expression of late RPC markers suggests that miRNAs play an important role in the regulation of progenitor competence.
Dicer CKO progenitors produce ganglion cells beyond their normal competence window
The presence of ectopic Brn3 ϩ cells as late as P5 in Dicerdeficient regions of retina suggested a continuing production of ganglion cells beyond the normal window of ganglion cell genesis. To test this hypothesis directly, pups were given a single pulse of BrdU, a thymidine analog that incorporates into the DNA of cells undergoing S-phase, at P2 and killed 48 h later. Previous birthdating studies have shown that this is at the very tail end of retinal ganglion cell genesis (Young, 1985) , and, as expected, BrdU ϩ ganglion cells were only occasionally found in control retinas. When present, these BrdU ϩ ganglion cells were primarily found at the very peripheral edge of the retina (Fig. 6 A, arrowhead). In contrast, Dicer CKO retinas showed significantly more BrdU ϩ ganglion cells (Fig. 6 B, C) (0.69 Ϯ 0.26 vs 3.3 Ϯ 0.33 cells per peripheral retinal field; n ϭ 4 vs n ϭ 3; p ϭ 0.0014). Surprisingly, these BrdU ϩ ganglion cells were found throughout the Dicer-deficient region, as far as 600 m from the peripheral edge of the retina (Fig. 6 B, arrowheads) . The persistence of ganglion cell production by the Dicer-deficient postnatal progenitors supports the hypothesis that progenitors require miRNAs to make the transition from an early to late stage in their development.
Most Dicer-deficient cells die by adulthood
To determine the ultimate fate of Dicer-deficient retinal cells, we looked at P32 Dicer CKO retinas. During dissection, Dicer CKO eyes were easily identifiable, with smaller optic nerves than control eyes and oblong and contracted pupils (data not shown). Sectioning revealed that Dicer CKO retinas were often detached from the overlying pigmented epithelium, and many had a thin filament extending from their peripheral margin (Fig. 7B, arrow) , which connexin 43 staining revealed to be part of the ciliary epithelium (Fig. 7B, asterisk) . In contrast to P5, in which large blocks of Dicer-deficient cells could be visualized by YFP staining, only scattered YFP ϩ cells remained at P32, suggesting that most Dicer-deficient cells had undergone apoptosis. Indeed, Dicer CKO retinas were thinner than their Het littermates (Fig. 7 A, B) , indicating extensive retinal remodeling.
Dicer CKO retinas were generally morphologically normal, although occasional rosettes or regions of disrupted lamination were observed (data not shown). These areas usually did not correlate with the presence of YFP ϩ cells, suggesting that they were the result of retinal remodeling subsequent to the loss of Dicer-deficient cells, not a direct result of Dicer deficiency. The majority of remaining cells had the morphology of Müller glia (Fig. 7C,D , arrows) or amacrine cells (Fig. 7E, arrowheads) , but costaining with cell-type-specific markers also revealed the presence of scattered ganglion cells (Fig. 7F, arrowhead) , horizontal cells (Fig. 7G, arrowhead) , photoreceptors (Fig. 7H, arrowhead) , and bipolar cells (Fig. 7H, arrows) . Interestingly, although ganglion cell survival appeared normal at P5, few YFP ϩ ganglion cells were still present at P32, suggesting that their ultimate survival is also dependent on microRNA processing.
Because many of these cells were not present in Dicerdeficient areas at earlier ages, the remaining cells may have escaped Dicer recombination or have been rescued in some other way. Indeed, occasional areas were observed at P1 and P5 that lacked the Dicer-deficient phenotype (supplemental Fig. 4 , arrowheads, available at www.jneurosci.org as supplemental material). Whereas large blocks of Dicer-deficient cells showed tight correlation of the described phenotype with YFP expression (supplemental Fig. 4 , asterisks, available at www.jneurosci.org as supplemental material), occasional groups of cells did not. These cells were most commonly found in small groups, surrounded by wild-type cells, or at the border of a YFP ϩ group. Although the source of this variation is not clear, it is possible that these cells represent clones that did not undergo complete recombination for Dicer or that have been rescued in a non-cell-autonomous manner (see Discussion). Thus, the YFP ϩ cells remaining at P32 may be the progeny of these cells.
The remaining amacrine cells may also belong to the ␣Pax6: GFP-expressing population previously described, having undergone recombination as mature neurons, not RPCs. To determine whether Dicer is required for the survival of mature amacrine cells, we quantified the proportion of Pax6-expressing cells that also express GFP at P0 and P32 in the inner nuclear layer of central retina. Although no significant difference was observed at P0 (0.45 Ϯ 0.05 vs 0.37 Ϯ 0.03; n ϭ 5 vs n ϭ 5; p ϭ 0.18), GFP ϩ amacrines represented a significantly smaller proportion of Pax6 ϩ cells when comparing CKO with control at P32 (0.19 Ϯ 0.01 vs 0.12 Ϯ 0.01; n ϭ 4 vs n ϭ 7; p ϭ 0.0045). These data suggest a postnatal requirement for Dicer in the maintenance of mature amacrine cells, which is similar to the postnatal degenerative phenotype seen by Damiani et al. (2008) .
Specific miRNAs are upregulated and downregulated during differentiation
Because Dicer conditional knock-out leads to a deficiency in the processing of all microRNAs, determination of the mechanisms underlying the observed developmental changes requires a better description of the miRNAs present in retinal progenitors and their differentiated progeny. Indeed, our data suggest a role for microRNAs in both the survival and differentiation of retinal neurons and the definition of retinal progenitor cell phenotype.
Although a recent study by Hackler et al. (2009) has provided a profile of miRNA expression across retinal development, very little is known about the role and expression of miRNAs in retinal progenitors and their differentiated progeny.
Numerous examples suggest that miRNAs play a role in determination and definition of cell fate, and thus we hypothesized that microRNA profiles would change early in differentiation. Because Dicer-deficient retinal progenitor cells would be unable to make these early differentiation miRNAs, these miRNAs might be potential mediators of the observed phenotype. We have shown previously that inhibition of the Notch signaling pathway using the ␥-secretase inhibitor DAPT leads to coordinated differentiation of retinal progenitor cells appropriate for their developmental stage (Nelson et al., 2007) . Microarray and qPCR profiling of cultured retinas demonstrated that DAPT treatment leads to the rapid downregulation of progenitor genes concomitant with an upregulation of genes involved in neuronal differentiation, such as the proneural basic helix-loop-helix transcription factors. By extension, we hypothesized that DAPT treatment would lead to a downregulation of progenitor microRNAs and an upregulation of proneural microRNAs.
Microarray analysis was performed on E14.5 C57BL/6 retinas cultured for 48 h in DMSO or DAPT. Using our criteria, 110 mouse miRNAs (18% of those represented on the array) were expressed in either condition, as well as 2 rat and 48 human miRNAs without mouse homologs (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Highly expressed miRNAs included the neuron-specific miR-124, several members of the let-7 family, and miR-9, as well as several human miRNAs not described previously in mouse (Table 1) . Additional analysis revealed a number of microRNAs that were upregulated Ͼ1.5-fold during coordinated differentiation, suggesting an important role in neuronal differentiation (Table 1) . These include miR-7a and miR-7b, conserved miRNAs that also function in Drosophila photoreceptor differentiation (Li and Carthew, 2005) , the photoreceptor-expressed miR-96/182/183 cluster (Xu et al., 2007) , and miR-125b, which has been shown to promote neuronal differentiation (Eda et al., 2009; Le et al., 2009) . Also upregulated were numerous members of the miR-17 family and miR-26a, which has been shown recently to regulate calcium channel expression in cones . Numerous miRNAs were also downregulated during DAPT treatment (Table 1) , including miR-9 and miR-9*, suggesting that they are expressed in retinal progenitors. Indeed, previous in situ hybridization studies have shown that both miR-9 and miR-9* are expressed in mouse cortical neural progenitors (Deo et al., 2006) and in the proliferative ciliary marginal zone of the zebrafish retina (Kapsimali et al., 2007) .
Select miRNAs are lost from Dicer CKO areas at E16
To determine whether the molecular changes observed with immunofluorescent analysis at E16 could also be studied using qPCR, we collected Dicer-deficient retinal cells using flow sorting for YFP. As expected, qPCR showed a drastic decrease in Dicer mRNA levels in Dicer-deficient cells compared with Het cells (Fig. 8 A) . Furthermore, as predicted, Sox9 mRNA levels were decreased in Dicer-deficient cells, whereas Sox2 mRNA levels were not changed (Fig. 8 A) . In addition, Brn3b mRNA levels trended upward in Dicer-deficient cells but were not statistically significant (Fig. 8 A) .
To confirm that the loss of Dicer led to a reduction in miRNA processing, we used qPCR on several miRNAs that had been identified through our microarray analysis or had been shown previously in other studies to be expressed in the developing retina (Fig. 8 B) . Several miRNAs that we found to be upregulated during DAPT treatment, such as miR-124 and miR-183, showed significant decreases in Dicer-deficient cells, indicating a failure to generate them during normal differentiation. Other miRNAs were also reduced, including miR-9 and miR-24, which has been shown to repress apoptosis during retinal development in Xenopus (Walker and Harland, 2009 ). Surprisingly, not all microRNAs showed a decrease in Dicer-deficient cells (Fig. 8C) . Notably, hsa-miR-1826, miR-690, and miR-720, all among the most highly expressed miRNAs on the array, showed no change in Dicer-deficient cells. Because these miRNAs are among the most highly expressed at E14.5, it is likely that they are expressed in retinal progenitors, which make up the majority of cells at this age. In support of this, all three show a decrease upon DAPTmediated differentiation. The fact that these three miRNAs do not change in Dicer-deficient cells suggests that some progenitor miRNAs may be stable with very little turnover and minimal requirement for continual Dicer processing to maintain their cellular levels. Alternatively, a small amount of Dicer may still be present in the cells, and these persistent miRNAs may represent a population whose precursors have higher affinity for the Dicer catalytic domain. 5, 7, 8, 9, 10, 11, 12 mmu-miR-183 6.9 1410 9513 3, 5, 7, 8, 9, 10, 11, 12 mmu-miR-182 6.7 2585 16660 3, 5, 6, 7, 8, 9, 10, 11, 12 mmu-miR-99b 2 Included are the top 20 most highly expressed miRNAs in both DAPT-and DMSO-treated E14.5 retina, as well as all miRNAs upregulated Ͼ1.5-fold or downregulated Ͼ0.67-fold after 48 h DAPT treatment. Reference numbers are as follows: 1, Li and Carthew, 2005; 2, Makarev et al., 2006; 3, Ryan et al., 2006; 4, Arora et al., 2007; 5, Kapsimali et al., 2007; 6, Karali et al., 2007; 7, Loscher et al., 2007; 8, Xu et al., 2007; 9, Loscher et al., 2008; 10, Shen et al., 2008; 11, Hackler et al., 2009; 12, Jin et al., 2009; 13, Shi et al., 2009 . For review, see Huang et al, 2008 Rapicavoli and Blackshaw, 2009; Xu, 2009 . 
Discussion
Several conditional knock-out studies have established an essential role for Dicer in mammalian neural development, including the cortex (De Pietri Tonelli et al., 2008; Kawase-Koga et al., 2009) , inner ear (Friedman et al., 2009; Soukup et al., 2009) , and olfactory epithelium (Choi et al., 2008) . However, a previous study using Chx10cre to remove Dicer from retinal progenitors concluded that Dicer was expendable for cell fate specification and migration because Dicer-deficient retinas displayed all cell types and normal lamination (Damiani et al., 2008) . In contrast to the conclusions of that paper, our data demonstrate an essential role for Dicer during mouse retinal development. In the absence of Dicer, we see significant developmental defects in gene expression and neurogenesis as early as E16, which become more pronounced in neonatal animals. The defects we observe in the Dicer-deficient regions of retina span a range of developmental processes. At E16, there is an upregulation of early neuronal types and a downregulation of late progenitor cell markers, together with decreased M-phase entry and increased apoptosis. By birth, we see significant changes in retinal morphology and lamination and a complete absence of all mature neurons except ganglion cells. We also demonstrate a differential requirement for Dicer in the generation and maturation of different cell types. By adulthood, most Dicer-deficient cells have degenerated, suggesting an essential role for Dicer in retinal cell survival, consistent with the study by Damiani et al. (2008) . Our data are also consistent with a previous study showing that morpholinos targeting Dicer lead to developmental changes in cell cycle, lamination, and timing of differentiation in Xenopus retina (Decembrini et al., 2008) .
Several differences exist between our study and that of Damiani et al. (2008) that may explain the differences in our data and conclusions. Whereas Damiani et al. (2008) used the Chx10cre line to mediate Dicer conditional knock-out in retinal progenitor cells, we used the ␣Pax6cre line. Although both cre lines mediate recombination at similar times in development, the ␣Pax6cre line shows recombination primarily in peripheral retina, whereas the Chx10cre leads to recombination throughout the retina (Rowan and Cepko, 2004) . Because retina matures in a central-toperipheral gradient, this may mean that ␣Pax6cre deletes Dicer in a less mature population of RPCs than Chx10cre. Additionally, whereas ␣Pax6cre is active in large continuous blocks of RPCs, Chx10cre leads to mosaic recombination. Thus, whereas Dicerdeficient cells are primarily surrounded by other Dicer-deficient cells in the ␣Pax6cre line, the mosaic nature of the Chx10cre line leads to interspersing of Dicer-deficient cells among wild-type cells. Because Damiani et al. (2008) did not use a lineage marker to identify Dicer-deficient cells, it was difficult to determine whether the neurons were born from Dicer-deficient or normal retinal progenitor cells.
An additional explanation for the differences between our study and that of Damiani et al. (2008) is that the mosaic nature of recombination in Chx10cre animals might allow for non-cellautonomous rescue of the observed phenotype. Indeed, any role for miRNAs in the regulation of cell-cell signaling could potentially be occluded by the mosaicism of Chx10cre animals but would be revealed in our study. Furthermore, studies suggest the possibility of non-cell-autonomous transfer of miRNAs through microvesicles (Yuan et al., 2009) or gap junctions (Valiunas et al., 2005; Kizana et al., 2009 ). Indeed, RPCs and many mature retinal cell types are coupled through gap junctions (Bloomfield and Völgyi, 2009; Cook and Becker, 2009 ). In support of a non-cellautonomous rescue of the Dicer CKO phenotype, we occasionally observed small areas of recombined (YFP ϩ ) cells that appeared wild type, expressing normal neuronal and RPC markers, which were absent from most Dicer-deficient areas. We cannot currently rule out the possibility that these cells simply did not undergo complete recombination for Dicer, however, and we observed other examples of isolated or small groups of YFP ϩ cells that still displayed the Dicer-deficient phenotype, as well as sharp phenotypic borders between YFP ϩ and YFP-negative areas, suggesting that any non-cell-autonomous rescue may be quite limited in our system.
A surprising finding of our study is a significant effect of Dicer loss on the retinal progenitor cell phenotype, suggesting a role for miRNAs in regulating the competence state of RPCs. Dicerdeficient RPCs lost Sox9 and Ascl1 expression and showed increased Sox2 expression compared with wild-type RPCs. Because both Sox9 and Ascl1 are absent from the earliest, Sox2-expressing RPCs, this suggests that Dicer-deficient RPCs may have been stuck in an immature state. Normal RPCs go through a progressive shift in competence, first generating ganglion cells, horizontal cells, and cone photoreceptors, followed by other mature neuronal types. Dicer-deficient areas had increased production of ganglion and horizontal cells at E16, with normal production of photoreceptors. At P1, Dicer-deficient areas lacked all neuronal markers, except those for ganglion cells and immature photoreceptors. Interestingly, ganglion cells were ectopically located throughout the progenitor cell layer at late as P5 and showed a continued genesis beyond their normal competence window, strongly suggesting a role for miRNAs in regulating RPC competence. One transcription factor that controls the developmental competence of retinal progenitors, Ikaros, is a potential candidate for regulation by miRNAs in this regard, because misexpression of this gene imparts competence to generate early neurons (Elliott et al., 2008) .
It is not currently clear which microRNAs underlie the observed Dicer-deficient phenotype. Because Dicer CKO leads to impaired maturation of all miRNAs, numerous cellular pathways and genes may be affected. Further complicating this analysis is the fact that some miRNAs show stability beyond loss of Dicer, suggesting that additional studies will be needed to determine the time course of individual miRNA loss after Dicer CKO. A recent study showed that miR-24a inhibits apoptosis during Xenopus retinal development (Walker and Harland, 2009) , and our data indicate that the mouse homolog is significantly reduced in Dicer-deficient cells. Thus, part of the increased apoptosis observed in Dicer-deficient areas may be attributable to a loss of miR-24.
Recently, Decembrini et al. (2009) showed a role for four miRNAs in inhibiting Otx2 and Vsx1 during Xenopus retinal development. Inhibition of these miRNAs led to increased expression of Otx2 and Vsx1 and an increased generation of bipolar cells. In contrast, our study shows a decrease in the number and levels of Otx2 staining and no ectopic Vsx1 staining (data not shown) in Dicer-deficient retina. These differences may reflect speciesspecific mechanisms of regulation. Indeed, although Otx2 and Vsx1 show temporal differences in their mRNA and protein expression attributable to translational inhibition in Xenopus, such differences have never been reported in mouse. Furthermore, of these four miRNAs, only miR-214 was expressed in E14.5 mouse retina (supplemental Table 1 , available at www.jneurosci.org as supplemental material).
Several other microRNAs identified in our screen have been established as key regulators of neurogenesis elsewhere in the nervous system. Shibata et al. (2008) found that miR-9 promotes an early cortical cell fate, the Cajal-Retzius cells, by targeting Foxg1, a transcription factor that maintains the early progenitor state. miR-9 also participates in a feedback loop in neural development, targeting Tlx, a regulator of progenitor cell self-renewal (Zhao et al., 2009) , whereas miR-9* targets Baf53a, a progenitorspecific component of the SWI/SNF chromatin remodeling complex (Yoo et al., 2009 ). Both of these mechanisms drive neuronal differentiation and inhibit the progenitor state. These miRNAs may also play a role in the phenotypes we observe in Dicerdeficient RPCs, because both are expressed in the developing retina and are downregulated with DAPT.
let-7a also showed significant declines in Dicer-deficient retinal cells. let-7 was first identified as a regulator of developmental timing in Caenorhabditis elegans, and homologs of let-7 have been identified in vertebrates. Rybak et al. (2008) recently showed that let-7a is expressed in mouse neural progenitors, as are other components of this pathway, including homologs to lin-28 and lin-4 (miR-125). A recent knock-out study of the let-7 target lin-41 (TRIM71) showed nervous system defects (Maller Schulman et al., 2008), whereas Schwamborn et al. (2009) showed that overexpression of let-7a promotes neuronal differentiation of neural progenitors. It is tempting to speculate that a conserved heterochronic pathway in C. elegans may also function to regulate the timing of retinal cell type generation.
Although the mechanisms by which Dicer CKO leads to the observed changes in retinal development remain to be fully elucidated, we have provided a comprehensive profiling of miRNAs present during retinal development and have shown that many are dynamically upregulated and downregulated during neuronal differentiation. Similar profiling was done previously for mRNA expression (Nelson et al., 2007) , allowing for future comparison of miRNA changes with their predicted targets, as well as transcription factors predicted to regulate miRNA transcription. Our study presents the first evidence that microRNAs are required for mouse retinal development, with important roles in regulating retinal progenitor cell competence, as well as in the differentiation and survival of mature retinal neurons. Our data provide an important basis for future studies into the role that individual microRNAs play in the regulation of retinal neurogenesis and establish a model in which the role of microRNAs in nervous system development can be studied in greater detail.
